Keen interest of histologists has long been attracted to the mecha nism of shell and pearl formation in the oyster, and a considerable amount of work has been contributed in this field of study (cf. K. Hayashi 1939) . But many important problems still remain unsolved, due probably to inadequate techniques employed in the histological or histochemical analysis of the subject.
The production of culture pearls in Japan is well known as one of the most remarkable industries in the world.
But our fundamental knowledge about the histological field of the pearl oyster, Pinctada martensii Dunker, is insufficient. The present investigation has therefore been undertaken with a view to contribute something towards the problem of shell and pearl formation in the pearl oyster.
The present paper consists of two main parts; 1) a histological investigation of the glandular cells of the mantle, and 2) a histochemical study of calcium in the mantle.
The greater part of this study has been carried out in the Nippon Institute for Scientific Research on Pearls, through the kind cooperation of the director, Dr. Y. Matsui, to whom the author takes this oppor tunity of expressing,his gratitude for his valuable advice. The author also wishes to record his appreciation to Dr. S. Tarao of the Tokyo Women's College, for his important suggestions.
Further, to Professor S. Makino of the Hokkaido University the author's hearty thanks are due for going over the manuscript and the kind aid in connection with its publication.
Material and methods
The specimens employed as material in this study were collected at Tanabe Bay, near Wakayama from the beginning of January to the latter part of June.
I) Methods applicable to histological study Owing to the well-developed muscular layer underlaying the epi thelium and its sudden shrinkage at operation, there is considerable difficulty in operating on the mantle.
The shell-fish was placed in a finger-bowl filled with sea-water.
Then a small amount of MgSO4 solu tion was gradually added to the sea-water.
The shell-fish was soon anaesthetized and remained open in its shell. This rendered possible the cutting of mantle into pieces. For fixation of the mantle, Allen-Bouin's mixture proved to be most suitable. Sec tions of 10 micra thickness were made according to the usual paraffin method.
For staining, Mallory's triple-stain was found very excellent in differentiating every type of secretory cells, while double-staining with Delafield's haematoxylin and eosin was employed as a control.
For demonstration of mucous, sections were stained with toluidin blue in 1% aqueous solution.
2) Method for the study of calcium constituents Fresh material was considered desirable in conducting research on the distribution of calcium in the tissue. For the purpose of investi gating shell-regeneration, a portion of the shell was cut out, and then the calcium content and its distribution in the mantle were compared with crystalization of calcium occurring in the unoperated material. A) A piece of the mantle was cut off and fixed in an equal mixture of 4% ammonium oxalate and neutral formalin which was diluted with 3 parts of distilled water (Rabl's method).
After having been immersed for 24 hours in this solution the piece was rinsed in distilled water and transferred to a 60% alcohol solution.
The piece was then embedded in paraffin, and cut 10 micra in thickness.
Sections were treated by using a 50% alcohol solution to which were added a few drops of gly cerin and albumen.
For staining, 1% aqueous solution of safranin was used.
For study of calcium crystals a polarization microscope was available.
B) A piece of the mantle was fixed in neutral formalin diluted with 3 parts of distilled water, and was cut into sections 10 micra thick and subjected to the usual paraffin method.
For examination of calcium the sections were treated by Cretin's method.
In order to obtain cal cium reaction the sections were immersed in a solution consisting of 7.5g Al., (SO,), 5 cc. 66 B. H2SO4 and 50 cc. distilled water, and warmed for 10 minutes.
They were then transferred to 0.5% aqueous solution of alyzarin sulphate and warmed for 10 minutes.
Then the sections were stained with 1% aqueous solution of lyon blue. With this method the red laque of the calcium crystals can be clearly differentiated from the blue-colored tissue of the mantle. C) The sections which had been fixed with the above two fixatives showed very rapid red laque staining of the calcium crystals, with the use of 1% aqueous solution of alyzarin red.
D parts, namely, (1) the edge of the mantle together with its folds, (2) the middle part without folds, and (3) the portion known as the mantle cavity (Fig. 1 ). The first, or the outer portion of the mantle is usually provided with three tentacle-like folds, which may be designated as the shell fold, the middle fold and the inner fold (Fig. 2) . Both the inner surface and the shell surface of the mantle is covered by a layer of epithelial cells, columnar, cylindrical or elliptical in shape . The epithelial cells of the shell surface of the mantle are remarkably pigmented (Figs. 4 and 5) . Their height increases in the direction of the folds. During the period from summer to winter no change occurs in the layer of epithelial cells, the single layer being always proved through the year.
Under the epithelium there are two muscular coats, the outer consisting of bands of muscular fibres arranging transversely, while the inner coat is provided with bands of longitudinal fibres . These bands or group of muscle fibres are remarkable especially in the folds (Fig. 2 ). This indicates a considerable ability of contraction in the folds. The muscle coats were stained orange with Mallory's stain.
The part of the mantle, while they are abundant in the fold. The inner portion of the mantle consists of connective tissue being light blue when treated with Mallory's stain. The mantle cavity is milky white in winter due to the accumulation of glycogen (Fig. 1) . But in spring and summer it regains its original coloration due to the disappearance of glycogen. The occurrence of glycogen under the epithelium in the mantle cavity and the muscular coat can be detected by the iodine method.
2) Glandular cells A) Mucous cells: Three kinds of cells, different in nature, were observed in the process of mucous formation.
At first these cells were found located in the epithelial layer (Fig. 6 ). Then the large mucous cells become apparent in the connective tissue arranged among the epithelial cells (Figs. 4 and 8) . When the cells have given up their mucous content the empty cells resume a nearly spherical shape, located in the epithelial layer.
It seems probable from the above observations that the formation of mucous has been carried on very rapidly. By the use of Mallory's tripple stain the mucous was stained blue, while by the use of toluidin-blue a beautiful metachromatical purple-red was produced. B) Cells with large secretory granules:
The cells of this type were found in the mantle tissue lining the shell. Many of these cells were found in a group in the middle fold facing against the shell (Fig. 2) secretory granules were observed in all parts of the mantle, it is clear that the secretions which participate in shell formation are not re stricted to the middle fold. But further study is desirable to confirm whether these cells actually secrete conchyolin or not. The granules in the cell increase in number and become larger with the development of the cell body (Fig. 4) . Finally the cell-body located in the connec tive tissue is completely filled with granules which were stained red with acid fuchsin (Figs. 4 and 9) . C) Cells which contain mucous and large secretory granules: A number of cells of this kind were observed in the fold portions.
There are the large granules of mucous in thes3 cells which were stained with annilin blue, together with other granules of a red color stained by acid fuchsin (Figs. 4 and 10) . Morphologically, these cells closely resemble the mucous cells and the cells with large secretory granules.
Figs. 8-11. 8, mucous cell. 9, cell with large secretory granules. 10, cell with mucous and large secretory granules. 11, cell with brown granules.
But it is difficult to observe the process of the development of these granules, and the course of their disappearance. Considered from the fact that large granules were found in the mucous stained with acid fuchsin, it seems highly probable that the mncous cells and the cells with large secretory granules are of the same origin. D) Cells containing brown granules:
The fully developed cells containing brown, orange and green granules were demonstrated after treatment with Mallory's triple staining method (Figs. 4 and 11) . It is remarkable that cells of this type were found only in the terminal parts of the folds. Morphologically, these cells are smaller than any of the other kinds of cells described above.
The following table shows the colouration in staining in the four kinds of granular cells.
3) Calcium A) Results from Rabl's method:
The total incidence of calcium crystals in the living organism was observed by means of sections fixed
Figs. 12-13. 12, total calcium in the mantle (photomicrograph). co, calcium oxalate. e, epithelium. eo, outer surface of the epithelium. ei, inner surface of the epithelium. con, connective tissue. 13, mucous cells with soluble calcium. me, mucous cell with calcium. e, epithelium. eo, outer surface of the epithelium. ei, inner surface of the epithelium. con, connective tissue. by Rabl's method.
The so-called calcareous granules are located near the inner and outer surface of the epithelium and also, also in the connec tive tissue of the mantle (Fig. 12) . The fine crystals of calcium oxalate being in a soluble state occur in the deeper part of the connective tissue (Fig. 12) . In the connective tissue near the inner surface of the epithelium, they are found as comparatively large crystals, but at the outer surface they appear as still larger crystals (Fig. 12) . These larger crystals are regarded as being in an insoluble state.
Thus, the calcium crystals found in deeper part of the connective tissue differ in shape and size from those found in the outer surface of the mantle.
So far as the relation between calcium content and the morphology of glandular cells is considered, there is no special gland which is characteristically calcareus. The four kinds of glandular cells, except for the mucous cells, contain no calcium crystals (Fig. 13 ). There is a possibility that calcium may be detected together with the secretion of mucous toward the outer surface of the mantle.
The distribution of calcium crystals in the epithelium and connective tissue shows no difference in the three parts of the mantle above described.
B) Cretin's method: This method is available for the demonstra tion of the laque of calcium and alyzarin.
The characteristic red laque of the calcium crystals, which being in an insoluble state, is demonstrated near the outer surface of the epithelium, without the aid of the polari zation microscope. C) Alyzarin-red method:
The absorption of the calcium is so rapid that it is possible to control the degree of calcium laque by controlling the time of staining.
There was, however, a difficulty in this method of distinguishing calcium merely by color gradations, since the tissue itself was also stained red. D) Kossa's method: Change of calcium contents was indicated by the black coloration in the calcified portions; this is the staining reac tion of phosphate.
Generally, calcareous granules were observed every where in the connective tissue except in the free edge of the mantle. But most of them are found localized near the inner and outer surface of the mantle.
Remarks 1) On the general histology of the mantle:
It is of great impor tance to study the pearl oyster in connection with pearl production in Japan, but there have, so far been few papers published on this sub ject. Tanaka and Maki ('24) was first to report on the formation of the pearl sac. Then Tanaka ('31) studied the developmental change of the epithelial cells through the summer and into the winter . Accord ing to him, the epithelial cells of the mantle lie in a single layer dur ing the summer months, while in winter develop into several layers . The present author's finding, however, failed to support this view . The fact that empty mucous cells, having given up their mucous , are found in the epithelial layer, indicates that the epithelial cells have previously been distributed in a straggling pattern. It is not clear whether the secretory cells indicated by Tanaka correspond to the four types of glandular cells observed by the author.
He stated that the secretory cells secrete the "pearl predisposition", but for this conclusion further confirmation is desirable as to the function of the glandular cell in con nection with pearl formation.
Tarao ('34', '35) reported the results of microscopical studies of the purple gland of Tethys punctata Cuv, and of the hypobranchial gland of Haliotis japonica Reeve, with special reference to the "restitution of secretion".
He observed four kinds of glandular cells such as mucous cells, cells with small secretory granules, cells with large secretory granules, and cells with brown granules, and stated that the terminal phases of these secretory cells were all derived from undifferentiated cells with violet granules which were indicated by Mallory's stain. Morphologically, the four kinds of secretory cells described by the author resemble those reported by Tarao, so that they may be of a similar nature.
2) On the method to be applied for the demonstration of calcium: In the metabolism of the animal, calcium plays an important role, but the histochemical methods hitherto employed for demonstration of calcium can not be considered as satisfactory.
Various kinds of tech nique should be employed in the study, since there are present various sorts of calcium in the living organism, existing in a complicated state. According to Lison ('36), the soluble calcium circulating in the living organism is found in the form of chloride, sulphate or calcium lactate, whereas in the insoluble state it is found in the form of carbonate, phosphate or calcium phosphate.
In the material fixed with Rabl's method in this investigation, the soluble calcium was observed in the form of fine uniaxial crystals under the polarization microscope. Rabl ('23) maintained that carbonate and phosphate do not react to his fix ative, and hence soluble and insoluble calcium are capable of being dis tinguished. In this observation, however, the author failed to observe any difference between soluble and insoluble calcium, except in the size of the calcium crystals.
By comparing the Rabl-slides or those pro duced by the neutral formalin method with the Cretin-slides, the pre sence or absence of soluble calcium may possibly be detectable.
Regarding the demonstration of insoluble calcium by means of the production of laque with metalic elements, Cretin reported that the laque of alyzarin and calcium is very resistant to acid and alkali.
The author has obtained a sufficient result by the application of Cretin's method, showing the red laque of the calcium localized near the outer surface of the epitlierial cells.
By the use of Kossa's method, the author failed to obtain satis factory results in connection with calcium laque. This is due to the Y. OJIMA Cytologia 17
fact that this technique is not available for the study of calcium in the presence of other calcium salts, for example, phosphates and car bonates of iron, copper, zinc etc., which react with the silver. How ever, the reaction of calcium phosphate may be secured with this method.
3) On the secretion of calcium in the tissue cells : Villepoix ('92, '93) early described that the outer epithelium of the mantle of Mytilus contains both calcareous and conchyolin cells, and that in Anodonta there are three parts in the mantle which are connected with the three dif ferent layers of shell. Thiele ('92) was of the opinion that the mucous glands actually take part in calcium secretion.
Recently, Hayashi ('38) has observed calcium in the mantle of Anodonta, but he failed to dis cover a calcium-secreting gland. In this respect the present author agrees with Hayashi's view, because traces of calcium oxalate were detected by the crystallization method in the mucous cells alone, among the four types of glandular cells examined.
But this is not an indica tion that the mucous cells are the sole and special cells of calcium secretion.
In regard to the problems of shell formation the author agrees with the results of recent investigations carried out by certain authors. Hayashi ('38) reported that calcium actually participating in shell for mations is located in the outer surface of the epithelium, and that liquid calcium produced in the connective tissue and distributed to all parts of the mantle is rhythmically secreted from the outer surface of the epithelium.
Though the process of calcium formation is generally in agreement with the results of the author's observations, two im portant points should be considered in connection with shell formation; that is, (1) the elaboration of the fibrous membrane, and (2) the concen tration of mineral salts and their deposit. Bevelander and Benzer ('48) studied, through the application of new methods, the process of calci fication in several marine molluscs. They arrived at the conclusion that calcification of the shell is brought about by the formation of an organic matrix on which calcium phosphate deposits in the form of minute granules, and that, then, in the presence of the mantle, calcium crystal growth takes place in contact with sea water.
The histological and histochemical studies carried out by the present author make it clear that all four kinds of glandular cells participate in the secretion of the so called conchyolin which contributes to shell formation. Through rhythmical activity, the secreted substance gradually migrates towards the outer edge of the shell. The secreted substance accumulates there in the form of minute prisms.
The soluble calcium produced in the connective tissue tends to migrate towards the epithe lium occurring between the connective tissue and the outer surface of the mantle. The soluble calcium changes into insoluble calcium carbonate by the presence of CO2, as a result of the respiratory action of the gills. In the maintenance of these two important processes of shell formation the mucous takes a significant part in the secretion and deposit of both conchyolin and calcium. Now, there still remain un solved many important problems in connection with the mechanism of shell formation.
It must be mentioned further that a detailed chemical analysis of the contents of the four types of glandular cells, as described above, is needed before the explanation of the mechanism is complete. Summary 1) By means of Mallory's triple staining method, it was pointed out that the mantle of the pearl oyster (Pinctada martensii Dunker) contains four kinds of secretory cells, such as mucous cells, cells with large secretory granules, cells having both mucous and large secretory granules, and cells including characteristic brown granules. 2) Rabl's method made it possible to demonstrate total calcium content.
3) In the demonstration of insoluble calcium by means of the pro duction of laque with metalic elements, the author was able to obtain a sufficient result by applying Cretin's method. 4) So far as the relation between calcium content and the mor phology of glandular cells is concerned, there is no special gland which is proper to a calcareus function.
